This study examined factors contributing to temporal variability (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017) in total mercury 27 (THg) concentrations in aquatic bird eggs collected in the Peace-Athabasca Delta and Lake 28
139
In this study, annual THg levels in eggs of aquatic birds nesting downstream of the 140 Athabasca River are assessed. As described above, various factors, i.e. oil sands production, bird 141 diet, forest fires, and riverine processes, are investigated to determine the degree to which they 142 explain patterns in annual egg THg concentrations. As part of this analysis, the degree to which 143 maximal annual flow of the Athabasca River and concomitant changes in SSC are important in 144 regulating Hg availability to birds is investigated. Mercury isotopes are used to gain insights into 145 the processes regulating Hg dynamics and availability in this ecosystem. Centre, Ottawa, ON, Canada in padded cases. 163 In 2013, prey fish, i.e. cyprinids, were collected from Mamawi Lake and two sites in 164 western Lake Athabasca to provide isotope data for bird prey. Whole-body fish were analyzed of 165 two surface-schooling species: Spottail Shiner (Notropis hudsonius) and Emerald Shiner (N. 166 atherinoides). These species are accessible to surface-feeding birds. Details regarding prey fish 167 collections are available in Dolgova et al. [15] . 168 Epiphytic lichen was collected from the branches of coniferous tree species in 2013 (May 169 or July) from 14 locations north, south, east and west of Fort McMurray. All sites were within 170 100 km of that city. Samples (n=26, two samples per site except at two sites where only one 171 sample was analyzed) were cleaned by removing foreign debris, freeze dried, and pulverized into 172 a fine powder before analysis. The utility of tree lichens as passive collectors of atmospheric 173 pollutants, including mercury, has been demonstrated [26, 27] . Mercury isotope measurements in 174 lichens were used to establish baseline Hg isotopic "signatures" associated with atmospherically 175 deposited mercury in the Fort McMurray region. This would include mercury from all sources to 176 that region including the oil sands. Details regarding egg THg analysis are identical to those reported in Hebert and Popp 184 [28] . In eggs, approximately 97% of THg is in the organic MeHg form [29] so measuring THg is 185 a cost-effective way to assess MeHg levels in eggs. THg concentrations measured in all samples 186 were within concentration ranges of certified reference materials (OT1566b, TORT-3, DOLT-4, 187 IAEA-407, BCR-463). Limit of detection for THg was 0.006 g/g (dry weight).
188
Stable isotopes of nitrogen ( 15 N and 14 N expressed as  15 N) and carbon ( 13 C and 12 C 189 expressed as  13 C) were measured in prey fish (collected in 2013) and in the contents of was from Elliott et al. [31] , δ 13 C lipid-corrected = δ 13 C non-corrected -4.46 + 7.32 * Log (C:N ratio). For 201 fish, δ 13 C lipid-corrected = δ 13 C non-corrected -3:32 + 0:99 * C:N [32] .
202
Mercury isotope analysis was conducted at Trent University's Water Quality Centre.
203
Details regarding mercury isotope analysis have been reported previously [33] . Mass-204 independent fractionation (MIF) of Hg isotopes is unrelated to isotope mass and is reported in 205 capital delta (Δ) notation. MIF describes the difference between measured δ xxx Hg values and 10 206 scaled δ 202 Hg values (Δ xxx Hg = δ xxx Hg − (δ 202 Hg × β)). β, the scaling factor, is determined by 207 theoretical laws of mass dependent fractionation (MDF) and is an isotope-specific constant.
208
Here, the focus is on the interpretation of MDF ( 202 Hg) and MIF results (Δ 199 Hg and Δ 201 Hg).
209
MDF data can provide insights into pathways of mercury exposure, e.g. terrestrial versus aquatic 210 [19] , while MIF can be useful in assessing the processes influencing mercury isotope values in Inter-year differences in variables were assessed using ANOVA or Kruskal-Wallis tests California Gulls (Welch's ANOVA F(7,31) = 0.89, p = 0.53). However, egg THg concentrations 274 were not correlated with year of collection for Egg Island Caspian Terns (n = 80, r = -0.01, p = 13 275 0.97), Egg Island Common Terns (n = 70, r = 0.08, p = 0.53), or Mamawi Lake Ring-billed Gulls 276 (n = 83, r = -0.13, p = 0.24) ( Figure 1A, B ). THg levels in eggs of Egg Island California Gulls 277 increased through time (n = 81, r = 0.24, p = 0.03) while THg levels in Common Tern eggs from 278 Mamawi Lake decreased (n = 55, r = -0.40, p = 0.002) ( Fig.1A, B) . In both these cases, temporal 279 trends were influenced by data from one year. For the Egg Island California Gull eggs, high THg 280 levels in 2017 were responsible for the temporal increase. When 2017 data were removed from 281 the analysis, there was no significant relationship with time (n = 71, r = 0.08, p = 0.52).
282
Similarly, the declining temporal trend in THg in Common Tern eggs from Mamawi Lake was 283 driven by the 2009 data. When data from that year were omitted from the analysis, no temporal 284 trends were evident (n = 45, r = -0.06, p = 0.71). = -.03, p = .94; COTE n = 7, r = .07, p = .89; Mamawi Lake RBGU n = 7, r = -.13, p = .78; 295 COTE n = 6, r = -.67, p = .14). The production of synthetic oil/bitumen from surface mining 296 showed a significant increase during the period of study (r = 0.996, p < 0.001) ( Fig. S1 ) which 297 was not reflected in the annual fluctuations observed in egg THg levels ( Fig.1A, B ). 14 
298
Annual extent of forest fires preceding the year of egg collection showed no relationship 299 with THg levels in Mamawi Lake eggs (Ring-billed Gulls, r = 0.23, p = 0.59; Common Terns r = 300 -0.46, p = 0.36) nor in eggs of Caspian Terns (r = -0.18, p = 0.64) or Common Terns (r = -0.54, p 301 = 0.16) at Egg Island. However, mean annual egg THg levels were correlated with forest fire 302 extent in eggs of California Gulls (r = 0.73, p = 0.03) at that location (Fig. 2) . California Gull > Ring-billed Gull).  15 N values within most species and sites showed no 311 differences across years (Egg Island: California Gulls ANOVA F(7,73) = 2.12, p = 0.051;
312
Caspian Terns ANOVA F(7,72) = 1.09, p = 0.38; Common Terns Kruskal-Wallis H(6,70) = 313 9.37, p = 0.15; Mamawi Lake: Ring-billed Gulls Kruskal-Wallis H(6,83) = 12.86, p = 0.05, 314 Dunn's post-hoc test no differences). Only Mamawi Lake Common Terns showed significant 315 inter-year differences in egg  15 N values (Kruskal-Wallis H(5,55) = 20.76, p = 0.01, Dunn's test) 316 (Table S1 ). For three of the five species/site combinations, inter-year differences in  13 C values 317 were observed but these were minimal with most years having similar values (Table S2 ).
318
Interspecific comparisons of stable Hg and carbon isotope values revealed significant 319 differences among species (Fig.3) . Egg  202 Hg values reflecting MDF of Hg isotopes were 320 greater in California Gulls than the other bird species (ANOVA F(3,185) = 100.0, p < 0.001, followed by Tukey's HSD test). Egg  13 C values were less negative in California Gulls (mean = 322 -23.7‰) than the other three species (mean values; Common Tern = -26.3‰, Caspian Tern = -323 25.8‰, Ring-billed Gull = -25.7‰).  13 C values in Ring-billed Gulls were also less negative 324 than Common Terns (Welch's ANOVA F(3,185) = 91.1, p < 0.001, followed by Tukey's HSD 325 test).  13 C values in California Gulls showed the greatest deviation from those in prey fish (mean 326 ± 1 SD values, Emerald Shiner = -28.33 ± 2.10 (n=46), Spottail Shiner = -28.00 ± 3.41 (n=22)). = 8, r = 0.90, p = 0.003; Common Terns n = 7, r = 0.89 p = 0.007) ( Fig.4) . Ring-billed Gulls (Mamawi Lake) (mean low = 0.38 g·g -1 dry wt, mean high = 0.86 g·g -1 dry wt; t 360 = 5.60, 81 d.f., p < 0.0001). THg concentrations in eggs from these species/sites were on average 361 82% greater in high flow versus low flow years. Eggs from Egg Island California Gulls (t = 0.24, 362 79 d.f., p = 0.81) and Mamawi Lake Common Terns (t = 0.19, 53 d.f., p = 0.85) did not show a 1.20 g·g -1 dry wt; t = 2.74, 43 d.f., p = 0.01). Athabasca River flow affected the extent of sediment plumes entering Lake Athabasca 376 (Fig.6 ). Furthermore, lake SSC concentrations were greater in a high flow year (2011) versus a 377 low flow year (2010) (Fig.S3 ). Differences in SSC were likely responsible for inter-year 378 differences in secchi depth in western Lake Athabasca as water clarity was lower at sites with 379 higher SSC, particularly at sites closer to the mouth of the Athabasca River (Fig.S3 ). Decreased Hg to which birds were exposed but also the isotopic composition of that Hg. a lower slope (0.89) was observed which was more similar to that associated with the 464 photochemical reduction of Hg 2+ (slope = 1.0, [21] surface mineable oil sands region were five times greater than fish collected from the Athabasca 495 River upstream of the oil sands [15] . THg levels in prey fish collected in the PAD and Lake
496
Athabasca were two to four times greater than fish from the upstream Athabasca River site [15] .
497
THg levels in eggs of California Gulls and Herring Gulls (Larus argentatus) were two and three 498 times greater, respectively, at Egg Island (Lake Athabasca) than at Namur Lake, an inland lake 499 isolated from the Athabasca River but in close proximity ( The importance of the current study lies in its highlighting the degree to which local 522 inputs of Hg to the river via atmospheric releases, mobilization associated with land disturbance, Figure S1 shows temporal trends in surface-mineable oil sands production. Figure S2 shows 540 annual trends in Athabasca River June flow. Figure S3 contrasts suspended sediment 541 concentrations and water transparency in Lake Athabasca in years of low versus high river flow.
542 Table S1 and 
